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Signal Transduction through the Met Receptor Studied at the Single-
Molecule Level
Marina Dietz, Meike Heidbreder, Ulrike Endesfelder, Sebastian Malkusch,
Mike Heilemann.
Julius-Maximilians-University Wu¨rzburg, Wu¨rzburg, Germany.
The human receptor tyrosine kinaseMet and its ligand hepatocyte growth factor
(HGF) are essential during embryonic development and play an important role
during cancer metastasis and tissue regeneration [1]. In addition, it was found
that Met is also relevant for infectious diseases and is the target of different bac-
teria, amongst them Listeria monocytogenes that induces bacterial uptake
through the surface protein internalin B (InlB) and causes human listeriosis
[2]. Many of the mechanistic steps of Met activation, however, are still unclear.
Here, we use single-molecule fluorescence microscopy techniques [3, 4] to un-
ravel association and activation of Met receptor through its ligands, HGF and
InlB. In particular, we use techniques which provide high temporal and spatial
resolution and excellent statistics to study both the spatial distribution as well as
the dynamics of Met receptor in eukaryotic cells. In addition, we investigate in-
teractions with membrane microdomains.
[1] Birchmeier C.; Birchmeier W.; Gherardi E.; Vande Woude G.F. (2003)
Met, metastasis, motility and more. Molecular Cell Biology, 4, 915-925.
[2] Shen Y.; Naujokas M.; Park M.; Ireton K. (2000) InlB-Dependent Internal-
ization of Listeria is mediated by the Met Receptor Tyrosine Kinase. Cell, 103,
501-510.
[3] Hohlbein, J.; Gryte, K.; Heilemann, M. & Kapanidis, A. N. (2010) Surfing
on a new wave of single-molecule fluorescence methods. Physics and Biology,
7, 031001.
[4] Heilemann, M.; van de Linde, S.; Mukherjee, A. & Sauer, M. (2009) Super-
resolution imaging with small organic fluorophores. Angewandte Chemie, 48,
6903-6908.
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Spatiotemporal Regulation of cAMP-Dependent Protein Kinase (PKA) in
Cardiac Myocytes
Zeineb Haj Slimane1, Jin Zhang2, Wito Richter3, Rodolphe Fischmeister1,
Gre´goire Vandecasteele1.
1Signalisation et Physiopathologie Cardiaque Inserm UMR-S 769, Chatenay-
Malabry, France, 2Department of Pharmacology and Molecular Sciences,
John Hopkins University School of Medicine, Baltimore, MD, USA,
3Department of Obstetrics, Gynecology, and Reproductive Sciences,
University of California, San Francisco, CA, USA.
Activation of the cAMP/PKA pathway has short term beneficial effects on car-
diac function, but is deleterious on the long term, leading to hypertrophic re-
modelling and heart failure. Here we characterized the regulatory
mechanisms governing PKA activation in the cytoplasm and in the nucleus
of adult rat ventricular myocytes by using the FRET-based A-kinase activity
reporter (AKAR) targeted to these compartments. We show that in response
to maintained stimulation of beta-adrenergic receptors (beta-AR) by isoprena-
line (Iso, 1 mM), PKA activation is ten times faster in the cytoplasm than in the
nucleus. Consequently, pulse stimulation with Iso (15 s, 100 nM) strongly ac-
tivates PKA in the cytoplasm but marginally in the nucleus. Similar results
were obtained when measuring the phosphorylation of endogenous PKA sub-
strates located in these compartments, myosin-binding protein C and the tran-
scription factor CREB. Inhibition of PP1 by inhibitor 1 (I-1) prolonged the
AKAR response to Iso pulse in the cytoplasm (t1/2 off =150.2 5 11.6 s,
n=14 versus 78.655.7 s, n=13, for Iso alone). A similar effect was also ob-
served with okadaı¨c acid (100 nM), an inhibitor of PP2A, and with cyclosporin
A (5 mM), an inhibitor of PP2B. Simultaneous inhibition of PP1 and PP2A, or
of PP1 and PP2B further slowed down cytosolic AKAR dephosphorylation (t1/
2 off = 411.1530.3 s, n=6 and 447.5543.1 s, n=18, respectively). I-1 also po-
tentiated nuclear PKA activation (FRET ratio increased from 2.550.5%, n=31,
to 16.152.3%, n=25) and increased CREB phosphorylation by about 40%
(n=7) in response to Iso pulse. These results indicate that the major cardiac
Ser/Thr phosphatases (PP1, PP2A and PP2B) contribute to the termination of
the beta-AR response in the cytoplasm and PP1 plays an important role in
the regulation of PKA activity in the nucleus.
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Spatial Sensitivity of the Map Kinase Signaling Pathway in the Cellular
Cytoplasm
Yongyun Hwang1, Praveen Kumar2, Abdul I. Barakat1,3.
1Ecole Polytechnique, Palaiseau, France, 2Indian Institute of Technology
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The MAP kinase signaling cascade plays a crucial role in regulating cellular
growth, differentiation andmitosis. The signaling patterns and their sensitivitieshave been found to be significantly different dependingonwhether signaling em-
anates from the plasmamembrane (Harding et al. 2005, Cur. Biol., 15:869-873),
theGolgi apparatus or endosomes (Blvona et al. 2003,Nature, 424:694-698), im-
plying that the same signaling cascades operate in dissimilar ways depending on
the location of activators and/or deactivators in the cell. In order to fundamen-
tally understand this phenomenon, we consider a reaction-diffusion model of
MAP kinase signaling involving a four-step cascade as proposed by several re-
cent studies (Kholodenko 2006,Nat. Rev.Mol. Cell Biol., 7:165-176). By apply-
ing the calculus of variation to this model, we compute the spatial sensitivity of
MAP kinase signaling to small perturbations in a number of physiological pa-
rameters such as phosphorylated substrate protein concentration, kinase/phos-
phatase concentration, and cytoplasmic streaming. The spatial sensitivity
analysis reveals that each physiological perturbation leads to its own intracellu-
lar spatial localization that maximizes the concentration of phosphorylated pro-
teins directly involved in gene regulation. For instance, the cytoplasmic region
close to the nucleus is found to be the region that is most sensitive to perturba-
tions in phosphorylated substrate protein and kinase concentrations. On the other
hand, for perturbations in phosphatase concentration and cytoplasmic streaming,
the spatial location that exhibits the highest sensitivity depends onwhere the per-
turbations are imposed: as the location where the perturbations are imposed is
moved downstream, the cytoplasmic region of highest sensitivity to changes
in phosphatase concentration and cytoplasmic streaming moves towards the nu-
cleus. The present findings raise intriguing and experimentally testable ideas of
spatial organization strategies that cells use to effectively control intracellular
signaling.
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Human Epidermis as a Model System for the Investigation of Intracellular
Signaling Pathways, In Situ
Joseph Cursons, Edmund J. Crampin, Marc D. Jacobs.
Auckland Bioengineering Institute, Auckland, New Zealand.
The epidermis forms the outermost layer of the skin, and plays a critical role in
maintaining organism homeostasis. It is primarily comprised of interfollicular
keratinocytes that detach from the underlying basement membrane and execute
a terminal differentiation program. This establishes a spatiotemporal differen-
tiation gradient across the depth of the epidermis allowing us to examine intra-
cellular signalling pathwaysusing cells within their native tissue.
The ERK-MAPK signalling cascade has been implicated in regulating kerati-
nocyte differentiation. Due to the importance of this pathway a wealth of infor-
mation is available on the biochemical nature of its molecular interactions.
Thus, fourteen proteins and four phospho-proteins were selected within and
around the ERK-MAPK signalling cascade, and their abundance was measured
within human epidermis using immunofluorescence labelling with confocal mi-
croscopy. The field of view within the resulting image data is large enough to
observe keratinocytes at all stages of differentiation, with multiple cells at each
relative stage (depth). Furthermore, this was achieved while retaining sufficient
resolution to identify the major sub-cellular compartments: cytoplasm; nucleus;
and plasma-membrane; allowing localised protein abundances to be measured.
These data were subsequently conditioned upon a normalised distance co-
ordinate, allowing boundaries between epidermal layers to be intrinsically de-
fined.As a consequence of this transformation, concomitant changes in protein
abundance could be examined along the gradient of keratinocyte terminal dif-
ferentiation. Measures of statistical association (Pearson correlation and mutual
information) were calculated between each localised protein pair, and a collec-
tion of published network inference techniques were applied (BANJO,
ARACNE/TD-ARACNE, and MIKANA).The relationships inferred by these
approaches were analysed with respect to known epidermal and cellular biol-
ogy, and may provide targets for experimental validation.
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Mapping CEACAM1 Dynamics and Interactions in Live Cells by
Quantitative Fluorescence Techniques
Peter C.Y. Lau, Scott D. Gray-Owen, Christopher M. Yip.
University of Toronto, Toronto, ON, Canada.
Belonging to the immunoglobulin superfamily of membrane glycoproteins, car-
cinoembryonic antigen-related cell adhesion molecules (CEACAMs) are in-
volved in diverse range of cellular processes and disease mechanisms through
both homotypic and heterotypic interactions, In particular, CEACAM1 has
been found to suppress tumorigenesis, hepatic lipogenesis, and systemic inflam-
mation, but interestingly promotes tumour metastasis, angiogenesis, insulin
clearance, and bacterial invasion.Molecular level insights intoCEACAM1’s be-
haviour are therefore essential for understanding its structure-function relation-
ships. To this end, we have exploited high spatial- and temporal-resolution
fluorescence imaging to elucidate the molecular dynamics and interactions of
YFP-tagged CEACAM1 transfected into wild-type HeLa cells. Total internal
Wednesday, February 29, 2012 669areflection-fluorescence correlation spectroscopy (ITIR-FCS) enabled direct de-
termination of the local diffusion coefficients of CEACAM1 in different regions
of the cell membrane while number and brightness analysis (N&B) and spatial
intensity distribution analysis (SpIDA) provided insights into the oligomeric
state of CEACAM1. These strategies for characterizing the dynamics of trans-
membrane receptors in live cells show clear promise for probing glycoprotein
function in normal and disease states.
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Multimerization Studies of Membrane Receptors via m-Patterned Surfaces
Peter Lanzerstorfer.
University of Applied Science, Wels, Austria.
Studying dimerization or multimerization processes of plasma-membrane lo-
calized receptor proteins is important for a better understanding of various cel-
lular processes. While the physiological role of receptor multimerization
remains a matter of debate for many proteins, it has been proved that such
events are crucial for the function of different classes of membrane receptors
(e.g. EGF or Insulin receptor). Several biochemical tools including cross-
linking or co-IP assays are used to unravel protein multimerization. However,
these techniques suffer from being indirect and hardly quantitative and give
high number of false-positives and/or negatives. Indeed, there are biophysical
assays to address this question, but the evaluation of the recorded data remains
complicated and laborious. Here we describe how a combination of Total Inter-
nal Reflection Fluorescence (TIRF) microscopy and micro-structured surfaces
(‘‘micropatterning assay’’) can be used to easily prove multimerization of
membrane receptors. This technique was developed to detect protein-protein
interactions (Schwarzenbacher et al., 2008; Weghuber et al., 2010) and offers
the possibility to measure and quantify also weak or short-lived interactions in
vivo. In a proof of concept experiment we studied the multimerization of YFP
and/or CFP labeled ß1 and ß2 adrenergic receptors. The question of homo- and
especially hetero-association of these G-protein coupled receptors (GPCR) is
far from being completely understood. Receptor maturation, G-protein cou-
pling, downstream signaling and regulatory processes such as internalization
might be influenced by dimerized adrenergic receptors. We unequivocally
show that ß1 as well as ß2 receptors form homo- and hetero multimers in living
CHO-K1 cells. Our findings contribute to the field of adrenergic receptors. In
general, our system might be of great interest for a fast and straightforward
analysis of membrane-protein multimerization.
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Mobility of MenC and PhoU in Live E. Coli: A Single Molecule Tracking
Study
Shunyuan Zhang1, Hochan Lee1, Yi-Ju Hsieh2, Kirill Datsenko3,
Barry Wanner3, Ken Ritchie1.
1Department of Physics, Purdue University, West Lafayette, IN, USA,
2Stanford University School of Medicine, Palo Alto, CA, USA, 3Department
of Biological Sciences, Purdue University, West Lafayette, IN, USA.
Innumerable signal transduction systems have evolved in which an environ-
mental signal is transferred across the cell membrane to the cell interior via a se-
ries of protein movements and protein-protein interactions. Knowledge of the
diffusion of signalling proteins in these networks and the effects of the presence
of their interacting partners is required to understand the dynamics of the sig-
nalling response of such networks. Here, we will discuss our recent research
using single molecule imaging techniques to determine the mobility of several
proteins labelled by the fast folding variant of yellow fluorescent protein, Ve-
nus, in live E. coli. Specifically, we have determined the mobility of PhoU,
a member of the PhoR-PhoB two-component signalling system and MenC,
the o-succinylbenzoyl-CoA synthase, which has been found to interact with
PhoU (Y.-J. Hsieh, Y. Yang, and B. L. Wanner, unpublished data). The effect
of interactions of these proteins on their mobilities was investigated through
monitoring protein diffusion in cells having deletions of the interacting partner
genes. Results will be discussed in terms of their implications on the dynamics
of signal transduction systems and in comparison to the known mobilities of
other proteins and lipids in E. coli and eukaryotic cells.
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Cross Regulation in Signaling Networks: A FRET Study of the PhoB-PhoR
Two-Component System in E-Coli
Hochan Lee1, Shunyuan Zhang1, Yi-Ju Hsieh2, Kirill A. Datsenko3,
Barry L. Wanner3, Ken P. Ritchie1.
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The signal for the PhoR-PhoB two-component regulatory system of E. coli is
environmental inorganic phosphate (Pi). A signal for environmental Pi insuffi-
ciency is propagated across the membrane to the cytosolic domain of the signal-ling histidine kinase PhoR via the ABC (ATP-binding cassette) transporter, the
Pst (Pi-specific transport) system, in the absence of transport by protein-protein
interactions, both in the membrane and the cytoplasm of the cell. Cross regu-
lation also exists between PhoR-PhoB two-component system and key regula-
tory systems in E. coli, including the ArcB-ArcA two-component system for
redox signalling. Such cross regulation among key signalling systems is
thought to be important for integration of diverse cellular pathways in the con-
trol of cell growth and for survival under conditions of stress. Knowledge of
how these interactions is brought about necessary to understand fully the dy-
namics of the response of the Pi signalling network to environmental Pi insuf-
ficiency and to understand interactions of the PhoR-PhoB and other signalling
systems. Here we have employed Fo¨rster resonance energy transfer (FRET)
techniques (acceptor photobleaching and sensitized emission) coupled with
specific knock-out mutants to investigate in live E. coli cells interactions be-
tween ECFP-labelled members of the PhoR-PhoB system and protein targets
with which they are thought to interact such as the o-succinylbenzoyl-CoA syn-
thase, MenC. We will show a strong enhancement of the FRET signal through
the use of protein fusions and knock-out mutants. We will discuss results of this
study in terms of their implication on the dynamics of the PhoR-PhoB two-
component signal transduction system.
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A Receptor Guanylyl Cyclase Reveals Auto-Phosphatase Activity
Magdalena Sznapka, Timo Stru¨nker, Reinhard Seifert, Normann Goodwin,
Nachiket D. Kashikar, U. Benjamin Kaupp.
Research Center Caesar, Bonn, Germany.
In sea urchin sperm of Arbacia punctulata, a guanylyl cyclase (GC) serves as
chemotaxis receptor that enables sperm to respond to a single molecule of
the chemoattractant, resact. The efficiency of resact capture is high, because
GC covers about 50% of the flagellar surface and binds resact with picomolar
affinity. Furthermore, the binding affinity is controlled by the level of occu-
pancy of the receptor. At high occupancy the resact affinity is lowered through
negative cooperativity among subunits of the trimeric GC complex. The life-
time of active GC is controlled by its phosphorylation state. At rest GC is phos-
phorylated at six serine residues. After activation by resact, the GC becomes
dephosphorylated with a biphasic time course, whereas dephosphorylation
strongly coincides with the decrease of cGMP synthesis. During the initial
fast phase the amplitude of GC dephosphorylation increases with the occu-
pancy level. However, the time constant of this phase is independent of receptor
occupancy. Moreover, dephosphorylation is superstoichiometric: even if only
5% of the GCs are occupied by resact, approximately 70% become dephos-
phorylated. We conclude from these results, that the occupied GC inactivates
by auto-dephosporylation (fast phase) and additionally can dephosphorylate ad-
jacent non-occupied GCs (slow phase). We could show for the first time that
a receptor GC is regulated by auto-dephosphorylation.
Synaptic Transmission
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Conical Tomography of Ribbon Synapses of Light and Dark-Adapted Rod
and Cones Photoreceptors
Guido A. Zampighi, Cataldo Schietroma, Lorezo M. Zampighi,
Nicholas C. Brecha.
UCLA School of Medicine, Los Angeles, CA, USA.
Rod and cone photoreceptors undergo tonic transmitter release following
changes in illumination. In both rods and cones, the fusion competent (i.e.,
docked and primed) synaptic vesicles are thought to be associated preferen-
tially to a distinctive electron-dense structure referred as the ‘‘ribbon.’’ The
aim of this study was to evaluate the location and number of docked (i.e.,
‘‘hemi-fused’’) and fully fused (i.e., ‘‘omega’’ figures) vesicles in the axon ter-
minal of rods and cones in light and dark-adapted mice. Using conical electron
tomography, we reconstructed ribbon synapses of mice exposed to steady
bright light or dark-adapted for 3 to 180 minutes. The conical tomograms
were analyzed using density segmentation methods based on the watershed al-
gorithm. We found that in the light, in both rods and cones the docked vesicular
pool extended alongside the entire area of contact between the axon terminals
and the horizontal cell endings. In rod axon terminals, the docked pool was
comprised of 460-480 hemi-fused vesicles and remained essentially unchanged
during dark-adaptation. In the dark, the terminals underwent rapid but revers-
ible changes, including an increase in plasma membrane area and the number of
‘‘omega’’ figures (from ~190 to ~1300 in rods terminals). After ~30 minutes in
the dark, the axon terminals returned to the conditions observed in mice ex-
posed to steady light conditions. We thus conclude that in mouse rod and
cone photoreceptors both ribbon-associated and non-ribbon regions of the
